structures of the native proteins, and by the similarity of the biological processes in which members of a subfamily derived from different organisms are implicated. Approximately 20% of identified kinesins have been reported to have motor activity in in vitro motility assays. Among the kinesins characterized in vitro is at least one member of each of the eight subfamilies, strongly supporting the assertion that kinesins are mechanochemical ATPases that translocate along the MT lattice.
Previously, we described a kinesin, XKCM1, that is involved in regulating MT dynamics in frog egg extracts (Walczak et al., 1996) . Depletion of XKCM1 resulted in a dramatic increase in MT polymerization, suggesting that XKCM1 promotes MT destabilization in egg cytoplasm. Analysis of MT dynamics showed that depletion of XKCM1 did not influence the rates at which MTs polymerized or depolymerized in extracts but did result in a 4-fold reduction in the catastrophe frequency. These results indicate that XKCM1 acts, either directly or indirectly, to destabilize the ends of polymerizing MTs in frog egg extracts. The dramatic effect of XKCM1 depletion indicated that XKCM1 is an important regulator of MT polymerization in egg cytoplasm, prompting us to investigate how XKCM1, a kinesin, has such a striking effect on MT dynamics. used to dissociate a complex of XKCM1/XKIF2 with tubulin dimer released upon MT depolymerization. The distinction of the molecular mechanism for MT destabiliResults zation from that of motility, and the similar in vitro behavior of XKCM1 and XKIF2, two functionally distinct Kin I XKCM1 Inhibits Microtubule Assembly kinesins, lead us to conclude that Kin I kinesins are MTand Induces Catastrophes destabilizing enzymes and not motor proteins. These Our previous study established that XKCM1, a Kin I results represent not only a characterization of the mechkinesin, promoted MT destabilization in frog egg exanism of a MT-destabilizing enzyme but also reveal the tracts (Walczak et al., 1996) . To determine whether puriexistence of a novel molecular mechanism inherent to fied Kin I kinesins could directly destabilize MTs, we the kinesin superfamily that is distinct from the mechanism of motility.
XKCM1 is one of eight kinesins in the internal catalytic domain subfamily (Kin I subfamily for Kinesin Internal; Vale and Fletterick, 1997). This subfamily also includes MCAK, a hamster kinesin implicated in cell division
expressed full-length, untagged XKCM1 and XKIF2 in baculovirus and purified them by conventional chromatography ( Figure 1a) . As a control we used K560, a plus end-directed motor protein that is the 560 aa N-terminal fragment of human conventional kinesin (Woehlke et al., 1997). We tested the effect of XKCM1 and K560 on MT polymerization nucleated off axonemes. Pure XKCM1, in the presence of ATP and at concentrations highly substoichiometric to tubulin, completely inhibited MT assembly off axonemes, whereas K560 had no effect (Figure 1b) . A similar activity was exhibited by native XKCM1 purified by immunoaffinity from frog egg extracts (data not shown).
To determine what parameter of MT dynamic instability was being affected, we used video microscopy to analyze the fate of prepolymerized MTs after exposure to XKCM1. Purified frog egg tubulin was used for this assay because it is the physiological substrate of XKCM1, it assembles robustly at room temperature, and it has an extremely low intrinsic frequency of catastrophe (Ͻ0.00011 s Ϫ1 for plus ends and Ͻ0.0003 s Ϫ1 for minus ends at 7 M). MTs were polymerized off axonemes adhered to the surface of a flow cell. The solution in the flow cell was then replaced with a mixture of tubulin and control buffer or tubulin and XKCM1. Without XKCM1, all MT ends observed remained in the polymerization phase (n ϭ 25 plus ends; 18 minus ends; Figure 1c ). In contrast, in the presence of XKCM1, nearly all MT ends had transited to the depolymerization phase (n ϭ 35/36 plus ends; 11/13 minus ends; Figure 1c) , indicating that the MTs had undergone a catastrophe. The introduced XKCM1 rapidly adsorbed to the flow cell surfaces, resulting in binding of the MTs to the coverslip surface and significant reduction in their depolymerization rate relative to MTs depolymerized by dilution in buffer without tubulin (Figure 1c ). This adsorption prevented us from determining whether XKCM1 influenced the rate of depolymerization of dynamic MTs in solution. These results demonstrate that pure XKCM1 directly inhibits MT polymerization and is a potent catastrophe factor that can destabilize polymerizing MT ends.
XKCM1/XKIF2 Catalytically Depolymerize Stabilized Microtubules
To characterize how XKCM1 destabilizes MTs, we analyzed its effect on MTs stabilized by the drug taxol or 6S tubulin dimer; in addition, 85% Ϯ 5% (n ϭ 2 experiments) of the tubulin released into the supernatant was capable of repolymerizing into MTs (data not shown).
XKIF2 use ATP-dependent motility to target to MT plus If GMPCPP MTs are treated with glycerol in the presends, where they induce end destabilization (Walczak ence of sodium ions, the normal ␤-␥ phosphate bond et al., 1996; Waters and Salmon, 1996). A prediction of of GMPCPP bound to ␤-tubulin is hydrolyzed, and the this hypothesis is that depolymerization would occur MT lattice is destabilized (Caplow et al., 1994). To test preferentially from the plus end of the MT. To test this whether XKCM1/XKIF2 destabilize GMPCPP MTs by a hypothesis, we monitored XKCM1-induced depolymersimilar mechanism, we analyzed XKCM1-induced deization of GMPCPP MTs in real time using an assay that polymerization of fluorescent GMPCPP-stabilized MTs unambiguously assigns polarity to the substrate MTs. containing [␥-32 P] GMPCPP. Depolymerization was moni-GMPCPP MTs with dimly labeled plus and minus end tored using fluorescence microscopy, and GMPCPP hysegments polymerized off brightly labeled GMPCPP MT drolysis was monitored using thin layer chromatograseeds ( Figure 3a) were adhered to the surface of a flow phy. Treatment with glycerol in the presence of sodium cell, exposed to either XKCM1 inactivated by preincubaions was used as a positive control (Figure 2d ). This tion with an anti-XKCM1 antibody (control) or XKCM1 assay showed that XKCM1 depolymerizes GMPCPP preincubated with an irrelevant antibody (XKCM1), and MTs without inducing hydrolysis of the ␤-tubulin-bound monitored by time lapse fluorescence microscopy. After GMPCPP (Figure 2d ). This result demonstrates that cat-‫01ف‬ min, the plus end-directed K560 motor was introalytic depolymerization of stabilized MTs by XKCM1/ duced into the flow cell, and the resulting motility of the XKIF2 occurs independently of the intrinsic lattice deMTs was recorded to retroactively and unambiguously stabilization mechanism of tubulin and suggests that assign their polarity. Using this assay, we found that XKCM1/XKIF2 do not induce catastrophes by stimulat-XKCM1 depolymerized GMPCPP MTs from both ends ing GTP hydrolysis at polymerizing MT ends. In addition, at nearly equivalent rates (Figures 3a, 3b, and 3c (Figure 2d ), these kinesins must have the ability to change tubulin protofilament structure, independent of the nucleotide state of the tubulin. Extension of these results to dynamic MTs suggests that these kinesins induce catastrophes by physically disrupting end structure and not by stimulating GTP hydrolysis on tubulin subunits at polymerizing MT ends.
XKCM1/XKIF2 Target to and Induce a Destabilizing Conformational Change at Microtubule Ends in AMPPNP
To analyze the role of catalytic domain ATP hydrolysis in MT destabilization by XKCM1/XKIF2, we attempted to determine which of the following three steps of the 
To test whether ATP hydrolysis by Kin I kinesins was at Microtubule Ends
One attractive possibility for the mechanism of end denecessary to induce the conformational change seen at GMPCPP MT ends, we analyzed GMPCPP MTs by stabilization is that XKCM1/XKIF2 physically disrupt end structure. Consistent with this idea, negative stain elecnegative stain electron microscopy in the presence of AMPPNP and XKCM1/XKIF2. Under these conditions tron microscopy of GMPCPP MTs during depolymerization induced by either XKCM1 or XKIF2 revealed the there is no significant depolymerization of the GMPCPP MTs (Figures 2a and 2b) . Protofilament peeling was presence of peeling protofilaments at their ends ( Figure  4) . Such peeled protofilaments were found on most of clearly evident in the presence of AMPPNP and XKCM1/ XKIF2, resulting in large protofilament bulbs at both MT the residual GMPCPP MTs in the process of being depolymerized by XKCM1/XKIF2, whereas the ends of ends (Figure 5d ). These results suggest that the latticedestabilizing conformational change is derived from the control buffer-treated GMPCPP MTs were blunt ( Figure  4 ; n Ͼ 200 MTs). Where clearly visible, we observed binding energy of XKCM1/XKIF2 at MT ends and not from ATP hydrolysis. protofilament peels at both MT ends, consistent with our finding that XKCM1 depolymerizes GMPCPP MTs Unlike GMPCPP MTs, taxol MTs do not exhibit end accumulation of XKCM1/XKIF2 or protofilament peels from both ends (also see Figure 5d ). These protofilament peels are reminiscent of the structure of rapidly even though they undergo bipolar depolymerization (data not shown). We suspect this reflects differences depolymerizing dynamic MT ends, where relaxation of the Future insight into the reaction mechanism proposed 87% overall identity), we think it unlikely that the differhere will come from many avenues, including determinaence between our analysis of XKIF2 and the previously tion of whether Kin I dimerization is required for the reported plus end motility of mKIF2 is species based. destabilization activity, identification of the minimal doResolving this discrepancy will require a reexamination main capable of carrying out the destabilization reacof the reported motile activity of mKIF2. 
